Nitrogen oxide (NO x ) removal is being studied for exhaust-gas treatment by pulsed discharge. A recently developed pulsed-power source using inductive energy-storage was used as the high-voltage generator, which drives corona discharge in a small reactor cell. The whole system is very compact, lightweight, and low-cost. It is possible to be operated with relatively low DC voltage supply at low power level. The ultimate target of this development is on-vehicle application for diesel exhaust-gas treatment. In the results that were obtained, NO and NO 2 removal rate can be increased in N 2 atmosphere with increasing repetition rate and NO removal rate in N 2 atmosphere increases as the input voltage is increased.
Introduction
Sulfur oxides (SO x ), nitrogen oxides (NO x ), and suspended particulate matter (SPM) are being produced by various diesel combustion engines and released into earth's atmosphere. These polluting substances have caused serious environmental problems. The reduction of the amount of these substances in the exhaust gas has become a major interest of scientific research and engineering development.
It has been understood that the amount of SPM and SO x in the exhaust gas can be reduced, to a certain extent, by improving the fuel quality and by using a diesel particulate filters (DPF). However, the amount of NO x can hardly be reduced by just improving the combustion system, because NO x can be easily formed by oxygen and nitrogen at high temperature. The existence of a certain level of NO x concentration in the outlet-gas from the diesel engine is unavoidable. Therefore, a process of post treatment is required to remove NO x from the exhaust gas before it is released into the atmosphere. NO x removal can be achieved through chemical reactions. However, the catalytic method generally used by gasoline engines cannot be applied to diesel engines, because the diesel exhaust gas contains a large amount of oxygen. Alternatively, a method using non-equilibrium thermal plasma, that generates active radicals leading to various chemical reactions, is promising candidate for NO x treatment of diesel exhaust gas (1) .
In the last several years, studies on NO x treatment by using discharge-generated non-thermal plasma have been carried out by several groups (2)～ (4) .
In most of the experimental investigations relatively large and fix-type diesel engines are used. In this paper, we report our experimental results obtained by using a very compact pulsed-power generator. The objective of this research is to develop a portable flue-gas system that can be used on diesel vehicles.
For applications on automobiles, the gas-treatment system has to be compact, lightweight, efficient, and low-cost. In addition, it has to work under relatively low DC-voltage power supply by the automobile battery. To meet these requirements, a compact pulsed-power generator using inductive-energy-storage (IES) (5) has recently been developed. In this paper, we report the experimental results of NO x treatment by using this pulsed power generator. Figure 1 shows the circuit diagram of the IES pulsed-power generator. A static induction thyristor (SI-Thyristor, NGK Insulators, Ltd.) is used as the main switch. The principle of the operation is as follows.
Experimental Setup

IES Pulsed Power Generator
First, the storage capacitor (C d ) is initially charged by DC voltage supply (E). When the field effect transistor (FET) is turned on, the capacitor (C d ) discharges through L, SI-Thyristor, * Nagaoka University of Technology 1603-1, Tomioka-cho, Nagaoka 940-2188 ** NGK Insulators, Ltd 2-56, Suda-cho, Mizuho-ku, Nagoya 467-8530 Paper Fig. 1 . Circuit diagram of IES generator and FET, which stores inductive energy on inductor L. The capacitance of C d is large enough so that its voltage does not change very much during this discharge. Second, when the current in L reaches a certain value, FET is turned off, interrupting the cathode current of SI-Thyristor. As a result, the current is forced to flow through the gate of SI-Thyristor and the diode (D). This current quickly draws the carriers out of the SI-Thyristor.
Finally, in the absence of carriers, the SI-Thyristor turns off abruptly, inducing a large voltage on L. Such an induced voltage is further multiplied by the transformer, resulting in the breakdown in a discharge reactor. Figure 2 shows typical output waveforms of the IES pulsed power generator. A few microseconds was needed to store energy to L before SI-Thyristor opens. The output voltage pulse has pulse width of 150 ns. Typical experimental conditions are shown in Table 1 .
Discharge Reactor and Gases
The discharge reactor is a coaxial corona discharge cell consisting of a tungsten wire at the center and a stainless-steel cylinder as the wall. The detailed parameters of the discharge reactor are shown in Table 2 . The total volume of the reactor is 0.05 l, giving an average gas residual time of ~ 1.5 s at flow rate of 2 l/min.
The gases used in our experiment are diluted NO or NO 2 by N 2 or/and O 2 as the simulated flue gases. The detailed gas conditions are shown Table 3 . Under our experimental condition, the following chemical reactions are expected to occur (6) In the reactions 1 and 2, nitrogen and oxygen are decomposed by the high energy electrons generated by the corona discharge, resulting in N and O radicals. These radicals give rise to reactions 3 to , as well as many other less important reactions. It is seen that reaction 3 is important to NO removal and reactions 5 and 6 are important to NO 2 removal. In addition, N radicals are playing very important roles in these reactions. Figure 3 shows experimental results of NO and NO 2 removal in nitrogen atmosphere with input voltage (E) 90V, inductively stored energy (W L ) 4.7mJ/shot and the initial NO or NO 2 concentration 200ppm. In Fig. 3 , the vertical axis shows the NO or NO 2 removal rate (ε), which is defined by the following equation. Fig. 3 that the NO and NO 2 removal rates increase as the repetition rate is increased, approaching 100 % at the repetition rate of 750 and 1250Hz, respectively. It is considered that, in N 2 atmosphere, a large amount of N radicals are produced. As a result, the reactions 3, 5, 6 dominated the chemical reactions in the discharge reactor and most of NO x are turned into nitrogen and oxygen.
Experimental Results
NO x Treatment
However, when oxygen gas is added, the situation is changed in to the different state. Figure 4 shows experimental results of NO treatment in mix nitrogen/oxygen (N 2 :O 2 = 9:1) atmosphere with input voltage (E) 90V, inductively stored energy (W L ) 4.7mJ/shot and initial NO concentration 200ppm. Total NO x concentration is not changed when the repetition rate is increased. Figure 5 shows the experimental results of NO 2 treatment in mix nitrogen/oxygen (N 2 :O 2 = 9:1) atmosphere with input voltage (E) 90V, inductively stored energy (W L ) 4.7mJ/shot and initial NO 2 amount of oxygen radicals exist, reactions 8 and 9 dominate the chemical reactions in the discharge reactor. Figure 6 shows the waveforms of output voltage and current for different values of input voltage (E), while the inductively stored energy in L (W L ) is kept constant at 4.7mJ/shot that was controlled by FET's on-time. When input voltage was increased, the rise time of output voltage becomes shorter and output current increases. Consequently, the reactor input energy calculated from the voltage and current waveforms also becomes larger for higher input voltage, although the stored energy in the inductor is constant.
NO Removal Efficiency
It is considered that, at higher input voltage, the shorter rise time of the output voltage is caused by the faster turning-off of the SI-Thyristor. The amount and spatial distribution of the carriers in the SI-Thyristor depend on the time width of the forward current pulse. When the input voltage is increased, the time required for inductive energy storage decreases, resulting in fewer carriers in the SI-Thyristor. As the SI-Thyristor is turned-off by drawing out the carriers through the gate electrode, fewer carriers lead to faster opening behavior of the switch. Figure 7 shows the reactor input energy (W) as a function of input voltage (E), for different values of inductively stored energy (W L ). Here W was calculated from discharge waveforms shown in Fig. 6 .
Energy efficiency of the coupling between IES pulsed-power generator and the discharge reactor increases as the input voltage is increased. Since energy efficiency of DC power supply to W L is constant, the energy efficiency of IES circuit increases as the input voltage is increased. Figure 8 shows NO removal rate as a function of input voltage, for different values of inductively stored energy (W L ). The initial gas was NO 500ppm diluted N 2 atmosphere. NO removal rate increases as the input voltage or inductively stored energy is increased. In Fig. 7 reactor input energy increases as the input voltage or inductively stored energy is increased. So, NO removal rate has related with reactor input energy. Figure 9 shows NO removal efficiency (η) as a function of input voltage in the same experimental condition of Fig.8, and It is seen from Fig. 9 that the NO removal efficiency decreases when the input voltage is increased, which is mainly caused by the relatively large increase in the reactor input energy. Figure 10 shows NO removal efficiency as a function of NO removal rate. Under same experimental condition of Fig. 8 , there is clearly a trade-off relation between the energy efficiency and the removal rate. The results of Figs. 9 and 10 indicate that the system optimization is necessary in future.
Conclusions
The experiments of NO x treatment by using an IES pulsed power generator and a coaxial corona discharge reactor have given the following conclusions.
(1) NO and NO 2 removal rate can be increased in nitrogen atmosphere for increasing repetition rate.
(2) In N 2 /O 2 atmosphere, the total concentration of NO x does not change on the repetition rate.
(3) Under a constant inductively stored energy, the NO removal rate in N 2 atmosphere increases as the input voltage is increased at 200ppm of NO concentration.
(4) The maximum NO removal efficiency obtained in this experiment is ~ 50 g/kWh.
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